Abstract. As a result of the lack of quantitative data regarding specific water requirements of ornamental species, precision irrigation can be a difficult task for nursery growers. One challenge for growers is that it is not clear how much of the water in soilless substrates is actually available for plant uptake. Substrate moisture release curves (MRC) have been used to predict the amount of plant-available water in soilless substrates, yet there is little information about whether there are differences among species in their ability to extract water from substrates. The objectives of this study were to determine 1) the hydraulic properties of a composted pine bark substrate; and 2) how water uptake in Hydrangea macrophylla and Gardenia jasminoides was affected by decreasing substrate volumetric water content (VWC). As the substrate VWC decreased from 0.38 to 0.17 m 3 · m L3 , substrate matric potential decreased from -4.0 to -69 kPa, whereas hydraulic conductivity decreased from 0.115 to 0.000069 cm · d L1 . To measure plant water uptake in a drying substrate, growth chambers were used to provide stable environmental conditions that included continuous lighting to prevent diurnal fluctuations in water use. Water use by H. macrophylla 'Fasan' started to decrease at a higher VWC (0. The results show that H. macrophylla is less adept at extracting water from a drying substrate than G. jasminoides. Traditionally, plant-available water in soilless substrates has been studied using substrate MRCs. Our data suggest that substrate hydraulic conductivity may be an important factor controlling water availability to the plants. In addition, there are important differences among species that cannot be detected by only looking at substrate hydraulic properties.
The results show that H. macrophylla is less adept at extracting water from a drying substrate than G. jasminoides. Traditionally, plant-available water in soilless substrates has been studied using substrate MRCs. Our data suggest that substrate hydraulic conductivity may be an important factor controlling water availability to the plants. In addition, there are important differences among species that cannot be detected by only looking at substrate hydraulic properties.
Precision irrigation of ornamental plants can be a difficult task for nursery growers as a result of the lack of quantitative information regarding the specific water needs of different plant species. To prevent drought stress and ultimately crop losses and/or reductions in growth rate resulting from dehydration, many growers apply excessive amounts of irrigation (Kim et al., 2011; Mathers et al., 2005) . This strategy can lead to leaching and runoff of fertilizer and pesticides from the substrate. Majsztrik et al. (2011) and Million et al. (2007) have shown that by reducing leaching of fertilizer from container-grown ornamentals, nurseries can reduce production costs and increase profits. Previous research has also shown that efficient irrigation systems and proper scheduling can save significant amounts of irrigation water without adversely affecting crop yield or quality in ornamental production (Bacci et al., 2008; Beeson, 2012; Fereres et al., 2003) . By using soil moisture sensor-based, automated irrigation systems, precision irrigation can be effectively implemented in ornamental plant production . One critical piece of information for the implementation of soil moisture sensor-based irrigation is the substrate water content at which plants need to be irrigated. Because not all water in substrates is available to plants, it is important to know how much of the water in the substrate can be used by plants. It is generally proposed that plants can no longer take up water from a soilless substrate at a VWC less than 0.20 m 3 · m -3 (Drzal et al., 1999; Milks et al., 1989b) . However, previous studies have shown that various species can grow below this proposed threshold for water availability (e.g., Burnett and van Iersel, 2008; van Iersel et al., 2010) . Thus, the effect of VWC on the ability of different species to take up water from soilless substrates needs further research.
When plants are exposed to decreasing water availability, they respond by progressively closing their stomates to reduce transpiration and prevent dehydration (Sperry et al., 2002; Tezara et al., 1999) , although the severity of the drought response is speciesspecific (Niu et al., 2006) . Some of the more drought-tolerant plants can undergo osmotic adjustment in the root and leaf tissues that enable the plant to preserve the water potential gradient necessary to facilitate water uptake under drought conditions (Hsiao and Xu, 2000) . As the water content within the plant decreases, cells will begin to lose turgor, resulting in decreased leaf expansion and root elongation. When cell turgor approaches zero, leaves wilt (Taiz and Zeiger, 2002) . When the substrate becomes too dry for a plant to extract water from the substrate, the plant will no longer be able to maintain transpiration, ultimately causing the death of the plant. The soil/ substrate water potential at which plants can no longer take up enough water to recover, even if transpiration is negligible, has been termed the permanent wilting point (PWP) (Tolk, 2003) . A common assumption for field crops is that there is no plant-available water at a soil water potential less than -1.5 MPa based on research conducted by Furr and Reeve (1945) on the PWP of sunflowers. As a consequence, a pressure plate apparatus is commonly used to determine the VWC at which the matric potential is -1.5 MPa to determine the PWP in different soils/substrates (Tolk, 2003) . However, the actual water potential threshold for the PWP of different plants is dependent on the relationship among plant species, soil type, and weather (Taiz and Zeiger, 2002; Tolk, 2003) . In addition, the ability of plants to take up water from soils or soilless substrates not only depends on the matric potential, but also on the hydraulic conductivity of that soil or substrate. The hydraulic conductivity of soils and substrates decreases as the soil or substrate dries out (Campbell and Campbell, 1982) . As a consequence, low hydraulic conductivity may slow water movement in drying substrates and thus limit plant water uptake (van Iersel et al., 2013) .
When comparing soilless substrates and soil, VWC at a matric potential of -1.5 MPa differs significantly between a mineral soil (0.162 m 3 · m (Milks et al., 1989b) . Drzal et al. (1999) suggested that water present in a soilless substrate at a water potential below -1.5 MPa is bound within ultramicropores and is unavailable to plants based on the pressure/tension required to extract such water in a laboratory setting. However, when applied to actual plant material grown in soilless substrates, moisture release theory may not accurately reflect the ability of plants to take up water from soilless substrates. Lobet et al. (2014) recently emphasized the importance of combining soil and plant hydraulic properties for predicting plant water uptake and the same likely holds true for soilless substrates.
In studies conducted on the water requirements of bedding plants in peat-based substrates, a VWC of 0.15 m 3 · m -3 was not low enough to cause a severe inhibition of growth in vinca (Catharanthus roseus), petunia (Petunia ·hybrida) (Nemali and van Iersel, 2005) , or chrysanthemum (Chrysanthemum · morifolium) (Olson et al., 2002) . van Iersel and Dove (2005) · m -3 threshold for plant-available water. Plant water use at different VWCs may be more indicative of the actual availability of substrate water to plants than measuring substrate hydraulic properties. Therefore, we conducted this study to quantify the hydraulic properties of a bark-based substrate and to determine the relationship between substrate VWC and plant water uptake and conductance in Hydrangea macrophylla and Gardenia jasminoides. Our objectives were to determine how much of the water present in a pine barkbased substrate is actually plant-available and to test whether this is species-dependent, as suggested by van Iersel and Dove (2005) .
Materials and Methods

Expt. 1: Substrate hydraulic properties
Unused substrate made from composted pine bark was obtained from a commercial nursery (McCorkle Nurseries, Dearing, GA). The hydraulic properties of this substrate were determined using a modular instrument (Hyprop, UMS, M€ unchen, Germany) with two precision mini-tensiometers at different heights placed on a precision balance. The tensiometers measure the matric potential gradient within the substrate, expressed both in pressure units (kPa) and as pF [-log(matric potential)]. The balance measures evaporation from the substrate surface. Weight measurements are also used to determine the changes in VWC throughout the measurement period.
The 250-mL soil sampling ring was handfilled from the top with substrate, which was subsequently saturated. Data collection started after the tensiometers were inserted into the substrate and the substrate with tensiometers was placed on the balance. Data collection was performed using software specifically designed for this purpose (TensioView, UMS). Data collection took 12 d, after which data were analyzed using data evaluation software (Hyprop, UMS). This software determines a MRC for the substrate and can also determine hydraulic conductivity of the substrate, but only when the substrate is relatively dry (VWC less than 0.38 m
). For more details on this technique, see Durner (2008a, 2008b) . The Hyprop software was also used to fit a bimodal van Genuchten curve to the MRC curve (Durner, 1994) . The bimodal van Genuchten curve is the weighted sum of two van Genuchten curves and commonly used for soils or substrates with a bimodal pore size distribution, i.e., relatively many large and small pores but few pores of intermediate size:
A Mualem curve was fitted to the conductivity data (Mualem, 1976) :
where
In these equations, S e = effective saturation, h = matric potential (in hPa), w i = relative weight of the two van Genuchten equations, a i and n i = shape factors for each curve, K r = relative hydraulic conductivity, t = tortuosity parameter for the Mualem curve, VWC r = residual VWC, and VWC s = saturated VWC. The Mualem curve describes the shape of the conductivity function based on the shape of the MRC. To determine the actual hydraulic conductivity (K h ) from the saturated hydraulic conductivity (K s ) and the Mualem model:
For more details on this analysis and the theory behind it, see Pertassek et al. (2011) .
Expt. 2: Plant water uptake from a drying substrate
Plant material. For this experiment, mature container specimens of Hydrangea macrophylla 'Fasan' and Gardenia jasminoides 'Radicans' were used to determine stomatal responses to declining substrate water content. The plants were potted 1 year before the onset of this study in #2 containers (6.0 L; 22.5 cm high · 22 cm deep) (Nursery Supply, Chambersburg, PA) filled with a typical commercial nursery substrate containing composted pine bark, 1.97 kg · m -3 lime, 0.74 kg · m Experimental setup and data collection. The study took place in two growth chambers (E15 and PGR15; Conviron, Winnipeg, Canada) set to maintain temperature at 25°C. Overhead banks of fluorescent and incandescent lights were adjusted to a height that provided an above-canopy light level of 560 mmol · m -2 · s -1 . There were minor variations in light intensity at the canopy level, primarily as a result of differences in plant height between species. Lighting was applied constantly to prevent diurnal fluctuations in water use from obscuring the subtle changes in stomatal conductance (g S ) expected to occur at low substrate water contents. Light levels were measured at the start of each run using a handheld light bar (SQ-326; Apogee Instruments; Logan, UT) positioned over the tallest plant in the chamber. The height of the lamp canopy was adjusted to provide similar light levels in both growth chambers. The growth chambers were not equipped with humidity control, and changes in outdoor weather conditions resulted in changes in relative humidity inside of the growth chambers.
Data were collected and stored by a data logger with two multiplexers (CR10 and AM25T; Campbell Scientific, Logan, UT) to facilitate the various sensors used. Temperature and relative humidity were measured every 5 min (HTO-45D; Rotronic, Hauppauge, NY) within each growth chamber and the data logger calculated vapor pressure deficit (VPD) values from these data.
At the study's onset, containers were submerged in a large tub of water filled to the substrate surface level and soaked for 1 h to ensure saturation of the substrate. Containers were then allowed to drain for 15 min before being placed in growth chambers. Plants were randomly assigned to a load cell and growth chamber location with three load cells within each growth chamber. Plant weight was measured every 10 s using individually calibrated load cells (LSP-10; Transducer Techniques, Temecula, CA) mounted on steel base plates with an acrylic platform attached to the top of the load cell. The substrate surface was covered with aluminum foil to limit evaporation to assure that weight changes accurately reflected transpiration. Substrate VWC was also measured every 10 s using capacitance soil moisture sensors (10HS; Decagon Devices, Pullman, WA) calibrated specifically for this substrate. Average plant weight and VWC measurements were stored every 5 min until water loss had stopped. The remaining water in the substrate was considered to be the plantunavailable water. At that time, the study was repeated with a new set of plants. An overview of the setup is shown in Figure 1 .
The difference in hourly average weight was used to calculate whole-plant transpiration rates (T wp ). Using T wp , whole-plant conductance rates (g wp ) were calculated using the formula:
Fig. 1. Overview of three plants on load cells inside of a growth chamber. The substrate surface was covered with aluminum foil to minimize evaporation from the substrate surface. A soil moisture sensor was inserted into each container. Load cells were used to monitor water loss (transpiration), whereas the soil moisture sensors measured substrate volumetric water content. A quantum sensor on top of a radiation shield containing a temperature and humidity sensor can be seen in the bottom left of the picture. All sensors were connected to a data logger for automated data collection.
where VPD is the hourly average vapor pressure deficit (kPa) and 101 is the atmospheric pressure (kPa). Aboveground biomass of dead plants was removed and the substrate was weighed, dried at 80°C, and then re-weighed. The decrease in plant + pot weight from the start to the conclusion of the run was used to determine total amount of water lost during the study. The shoots were then cutoff and the difference in the weight of the substrate at harvest and after oven-drying was used to determine the amount of water still in the substrate. The sum of these equaled the amount of water that was present in the substrate at the beginning of the study (container capacity), which averaged 2003 ± 136 mL. The accuracy of the soil moisture sensor readings was confirmed by the gravimetrically determined VWC values at the start and finish of the study. · m -3 at the end. The larger discrepancy between sensor readings and gravimetrically determined VWC at the end of the study was likely the result of evaporation from the substrate surface, resulting in a non-uniform distribution of water in the substrate.
Statistical analysis. The experimental design was a randomized complete block with six replications for each species; three in each run. To determine the VWC threshold values when whole-plant transpiration and conductance was first limited by VWC and when it stopped, transpiration and conductance were plotted vs. VWC. A spline regression was then performed on the data collected from each plant (Proc NLIN, Statistical Analysis Software Version 9.2; SAS, Cary, NC):
where VWCdelta = max [(VWC-knot); 0]
[6] where y = transpiration or conductance; b 0 , b 1 , and b 2 are regression coefficients; and knot is the VWC at which the two regression lines intersect (i.e., the VWC below which transpiration or conductance starts to decrease). Goodness of fit was tested by calculating an R 2 value as model sum of squares/ corrected total sum of squares. Using the associated equation for the regression lines, we were able to determine the VWC at which transpiration and plant conductance ceased for each plant. Transpiration and plant conductance were determined to have ceased when they reached a rate of 1.5 mL · h -1 and 75 mL · h -1 , respectively, and subsequent weight loss was attributed to evaporation from the substrate. These thresholds were chosen, because measured transpiration was close to 1.5 mL · h -1 after the plants were desiccated and appeared dead. Threshold VWC values for reduction and cessation of both transpiration and conductance in each plant were analyzed by standard analysis of variance to test for differences between the two species (Proc ANOVA; SAS).
Results and Discussion
Substrate hydraulic properties. (pF = -2.84) (Fig. 2) . Hydraulic conductivity could be determined within a VWC range of 0.17 to 0.38 m 3 · m -3 (pF of 1.60 to 2.84). As the substrate dried from a VWC of 0.38 to 0.17 m 3 · m -3 , the hydraulic conductivity decreased from 0.115 to 0.000069 cm · d -1 , a 1665 · decrease. Such a drastic decrease in substrate hydraulic conductivity will limit the rate of water movement through the substrate to the roots (Campbell and Campbell, 1982) and this may limit water availability to the plants.
Environmental conditions. Temperature in the growth chambers was maintained between 25.2 and 26.5°C (Fig. 3) . Relative humidity ranged from 4.3% to 65.1%, resulting in VPD values between 1.15 and 3.13 kPa (Fig. 3) . Although there were small differences in environmental conditions between the two growth chambers, conditions fluctuated in a similar fashion.
Transpiration and conductance. Wholeplant transpiration rates (Fig. 4) gradually decreased over time as water was lost through evapotranspiration. Spline regression curves of transpiration vs. VWC [Eq. (6)] generally indicated a strong relationship between these two factors (average R 2 for hydrangea and gardenia of 0.95 and 0.85, respectively). The transpiration rate slowed at a higher VWC in hydrangea than in gardenia. Whole-plant transpiration rates of hydrangea began to gradually decrease at a VWC of 0.277 ± 0.019 m 3 · m -3
(mean ± SD), likely as a result of stomatal regulation in response to decreasing water availability ( Fig. 5 ; Table 1 ). At a VWC of 0.158 ± 0.013 m 3 m -3 , the transpiration rate neared zero and plateaued at a rate of 1.5 to 2.0 mL · h -1 for the duration of the study. This was deemed to be the point where water bound to the substrate was no longer plantavailable and subsequent weight loss was attributed to water evaporating from the substrate surface and drain holes in the bottom of the container. Whole-plant transpiration rates of gardenia began to gradually decrease at a VWC of 0.202 ± 0.028 m Table 1 ). Whole-plant conductance behaved in a similar manner with a reduction occurring in ( Fig. 5; Table 1 ).
Our finding that reduction and cessation of whole-plant conductance occurred at different VWCs for hydrangea and gardenia supports earlier findings by Nemali and van Iersel (2008) and Niu et al. (2006) , illustrating species differences in water uptake and drought response. We hypothesize that differences in the morphology and/or anatomy of root systems may be contributing factors to the observed differences in transpiration. The abundance/distribution of root hairs and level of aquaporin activity have been correlated with differences in root hydraulic conductivity among species (Bramley et al., 2009 ). Small differences in xylem vessel diameter can result in large differences in xylem hydraulic conductivity and susceptibility to cavitation (McElrone et al., 2004; Taiz and Zeiger, 2002) .
Breakage of the water column within xylem vessels can result in decreased plant conductance and a reduction in the tension required to maintain water uptake at low VWCs.
The persistence of transpiration and g S at VWCs well below levels that have been regarded as plant-unavailable suggests that MRCs for soilless substrates are not accurate indicators of water availability to plants. Research conducted on MRCs of soilless substrates has asserted that plants are unable to extract water at water potentials below -1.5 MPa (Milks et al., 1989a (Milks et al., , 1989b translating to a VWC of 0.215 m 3 · m -3 in a bark-based substrate (Milks et al., 1989b) . Much of the research on MRCs for soilless substrates is only performed to a pressure/tension of 30 kPa (Altland et al., 2010; Fonteno and Nelson, 1990; Milks et al., 1989a Milks et al., , 1989b Wallach et al., 1992) , at which Milks et al. (1989b) found a pine bark-based substrate to have a VWC of 0.227 m 3 · m -3
. Given that a specialized pressure plate system is required to apply a pressure/tension of 1500 kPa and that an additional pressure/tension of 1470 kPa only extracts an additional 0.012 m 3 · m -3 of water from a bark-based substrate, development of MRCs within a range of 0 to 30 kPa has been deemed practically sufficient. Although MRC-related studies conducted over the last 20+ years have been used to compare different types of soilless substrates, those studies have not determined how easily that water was available. de Boodt and Verdonck (1972) defined water held between a matric potential of -1 and -5 kPa as easily available water, between -5 and -10 kPa as the water buffering capacity, and below -10 kPa as less readily available water. Although these classifications have been widely used, they seem somewhat arbitrary and unrelated to whether plants are capable of taking up that water from the substrate. Our finding that transpiration was maintained until a VWC of 0.16 m 3 · m -3 and 0.12 m 3 · m -3 in hydrangea and gardenia, respectively, is contradictory to the proposed VWC thresholds for water availability and is corroborated by the observations of Nemali and van Iersel (2005) , Olson et al. (2002) , and van Iersel and Dove (2005) . Furthermore, the drastic decrease in substrate hydraulic conductivity as the substrate dries out raises the possibility that low hydraulic conductivity may contribute to limiting water availability to plants ( van Iersel et al., 2013) . The importance of the substrate hydraulic conductivity in assuring continued water flow through the substrate to the roots has received little attention so far.
Of the total volume of substrate, we found that 0.24 m 3 · m -3 consisted of plant-available water for hydrangea and 0.27 m 3 · m -3 was plant-available water for gardenia (Table 1) , which is less than the amounts proposed by Drzal et al. (1999; 0.315 m 3 m -3 ) and Milks et al. (1989b; 0.30 to 0.45 m 3 · m -3 ). This is likely because substrate saturation in MRC studies is generally imposed by slowly adding water to the base of the pressure vessel over the course of 24 to 48 h, expelling any air pockets within the substrate. Because our main objective was to determine the VWC at which transpiration and conductance were inhibited, submersing the containers in water for 1 h was deemed to sufficiently represent container capacity. In terms of the total amount water present at container capacity, 60% of that water was available to hydrangea and 69% was available to gardenia (Table 1) .
Our results show that both species were able to maintain transpiration, and presumably water uptake, down to a VWC that is much lower than the suggested threshold for plant-available water in soilless substrates. Additional research quantifying the response of whole-plant conductance to decreasing substrate water contents for a broader selection of ornamental species, with the added parameters of observing initial wilting points and the analogous VWC as well as substrate matric potential, could be beneficial to understanding species-dependent limitations of water uptake in soilless substrates. Likewise, comparisons of different substrate will be informative, especially if differences in MRCs and substrate hydraulic conductivity are taken into account.
Conclusions
The hydraulic conductivity of a composted pine bark substrate dropped drastically as VWC decreased from 0.38 to 0.17 m . These VWC limits for plantavailable water are substantially lower than those previously proposed based on MRCs. Our results also indicate that the plant species needs to be taken into account when determining the amount of plant-available water in soilless substrates. Of the 2003 ± 136 mL (mean ± SD) of water held at container capacity, 60% was available to hydrangea and 69% was available to gardenia. This information, and subsequent studies like it, can be used to increase the precision of deficit irrigation in ornamental production by detailing optimal and minimum VWC thresholds to be maintained for different species.
Literature Cited
Altland, J.E., J.S. Owen, and W.C. Fonteno. 2010 and Gardenia jasminoides 'Radicans' plants in response to decreasing substrate water content. Lines indicate the results of piecewise regression used to determine the water content at which transpiration and conductance start to decrease and become negligible. Table 1 . Volumetric water contents (mean ± SD) at which a reduction and cessation in whole-plant conductance occurred and plant-available water content (expressed as a percent of total amount of water at container capacity and as percent of substrate volume) for Hydrangea macrophylla 'Fasan' and Gardenia jasminoides 'Radicans'. z Means followed by the same letter are not significantly different (P < 0.05). Note that plant-available water was not analyzed statistically, because no data for individual experimental units were available.
